Objectives-To determine whether a long-axis, in-plane approach to ultrasoundguided vascular access produces fewer posterior wall punctures than a short-axis, out-of-plane approach when attempted by novices without prior ultrasound-guided procedural experience.
O btaining vascular access is one of the most common procedures performed in emergency and critical care settings, but it can be difficult and fraught with challenges. Using ultrasound to guide catheter placement has been recommended to maximize success rates and minimize complications associated with central lines. 1 There are 2 main methods of ultrasound guidance for these procedures. The short-axis, out-of-plane approach provides excellent visualization of surrounding structures but limited visualization of the needle tip. The target vessel, surrounding structures, and needle tip are all imaged in a cross-sectional orientation. Out-ofplane refers to the process by which the needle tip is advanced in small increments beyond the plane of the ultrasonic beam. The transducer is then advanced until the needle tip is again visualized; techniques such as transducer fanning can improve needle recognition Supplemental material online at jultrasoundmed.org during the procedure. This cycle is repeated until the needle tip is positioned within the middle of the target vessel. Failing to carefully identify the needle tip throughout the procedure could lead to injury of surrounding structures, as the shaft can resemble the bore of the needle. For the remainder of this article, the short-axis, out-of-plane approach will be abbreviated as the short-axis approach.
The long-axis, in-plane approach provides excellent needle tip visualization because the needle tip and transducer are in plane; however, visualization of surrounding structures is limited. The target vessel and needle tip are imaged in a longitudinal orientation. The in-plane technique refers to the process by which the needle tip is inserted and advanced along the plane of the ultrasonic beam. This approach ensures that the needle tip and entire catheter are continuously viewed as they are advanced toward the target vessel. 2, 3 For the remainder of this article, the long-axis, in-plane approach will be abbreviated as the long-axis approach.
The oblique-axis approach is an idea that combines the short-and long-axis techniques. The target vessel is imaged in an oblique axis, meaning that the ultrasound transducer is rotated midway between short-and longaxis views. The needle tip and catheter are then advanced in an in-plane technique. Conceptually, this technique combines the strengths of the short-axis (visualization of surrounding structures) and long-axis (excellent needle tip visibility) approaches, and early data are promising. 4, 5 It can be performed both in in-plane and out-of-plane approaches. However, the oblique-axis technique was not included in this study because it is a technique that few physicians at our home institutions have experience with.
Although success rates are comparable between both techniques, the short-axis approach is often recommended as the optimal technique because it is thought to be easier to learn and perform than the long-axis approach. 6 The optimal technique should combine the highest cannulation success rate with the lowest complication rate. However, a major limitation of the current literature is that providers experienced with the shortaxis approach are often compared to those without longaxis experience, and this experience gap may diminish any advantages that the long-axis technique has over the short-axis technique. 7 Additionally, recent data suggest that posterior wall punctures occur more often with the short-axis method. 8 A posterior wall puncture is a surrogate for a procedural complication because it indicates that the provider is unaware of his or her needle tip location and has unintentionally advanced it into structures deep to the target vessel. The primary aim of our study was to eliminate the aforementioned bias to determine which approach offers the best combination of cannulation success and complication rates. Our hypothesis was that the long-axis technique would outperform the short-axis technique.
Materials and Methods

Study Design
This work was a randomized single-blinded crossover study comparing the short-versus long-axis ultrasound approach for vascular access in phantom models performed by novice operators. The study was approved by our Institutional Review Board (study number, Pro000 53064; review type, exempt).
Study Setting/Population
The study was conducted at the University of South Carolina School of Medicine's Ultrasound Institute. First-through fourth-year medical students were emailed through the institution's listserv to invite them to participate. Any medical student who consented to participate was enrolled in the study. Although they had prior exposure to using ultrasound, such as performing cardiac ultrasound examinations, they had no prior experience with ultrasound-guided vascular access.
Phantom/Equipment Design
Several models and materials were reviewed before our final choice for the phantom medium. 9 To simulate a human vein, we constructed a phantom model using ballistic gel, which has been previously validated. 10 An important advantage of the ballistic gel is that it would degrade only at temperatures higher than 200 8F (93.3 8C), so it could be pulled apart and reheated. Once the gel melted, track marks from prior cannulation attempts would disappear, and the phantom could be rebuilt. The ballistic gel was infused with black dye so the vein could not be seen. Initially, we constructed the vein with latex tubing but later changed it to balloon tubing because we thought the feedback on vessel entry was more realistic with a balloon. Our vessels were 30 cm in length and had an internal diameter of 10 mm. The depth of the vessel was generally maintained at around 15 mm to simulate an optimal peripheral vessel (internal diameter > 4 mm, < 16 mm in depth; Figure 1 ). 11 The vessel was filled with clear fluid to assist in vessel cannulation confirmation. Each finalized phantom had 2 balloon veins arranged in parallel for the study participants to use. The left vein was designated for the short-axis attempt, and the right vein was designated for the longaxis attempt. The veins were far enough apart (3 cm) so that attempts from the first technique would not interfere with the second technique. Identical phantoms were made for practice sessions, but only fresh unused phantoms were used for data collection. The ultrasound equipment consisted of an ultrasound console with a 13-6-MHz linear transducer set to a venous preset. Each phantom was scanned before each session to ensure that it was properly constructed, accurately simulated a human vein, and did not substantially differ from the other phantoms to ensure reproducibility ( Figure 2 ).
Study Protocol
All participants were given a 10-minute lecture on the short-and long-axis approaches to venous access. The lecture focused on using ultrasound to guide the needle tip into the target vessel, the importance of targeting the middle of the vessel, and the avoidance of a posterior wall puncture. After the lecture, the participants were given a demonstration of the correct technique for both approaches. They were then allowed to practice on the phantom models, which included hands-on instruction from a physician skilled in both long-and short-axis methods. Students were allowed unlimited practice time, but most completed it in less than 10 minutes. The students were then entered into the study. Each student served as his or her own control but was randomized by a coin toss to determine which approach he or she would do first. During the experiment, the students inserted a 47.7-mm, 20-gauge intravenous catheter into the phantom model using the short-or long-axis approach until they believed they had cannulated the vessel. At this point, the session concluded; outcome data were collected; and the experiment was repeated using the alternative ultrasound technique. The students were blinded to our outcome measures.
Outcome Measures
The primary outcome measure was the occurrence of a posterior wall puncture, which was determined by visual inspection of the simulated vein after it had been removed from the ballistic gel. Secondary outcomes were successful cannulation and the time to cannulation. Students were also asked which technique they preferred and which technique provided better needle tip visibility.
Statistical Analysis
Because each student contributed 2 trials, we used generalized estimating equations to create models for posterior wall puncture and successful cannulation outcomes. Cox proportional hazards regression with a cluster term for the subject was used to determine whether the view type, trial number, and year of training affected the time to cannulation. These equations and tests were completed with R software (R Foundation for Statistical Computing, Vienna, Austria). P < .05 was considered statistically significant.
Results
A total of 40 medical students completed the study. Twenty-two students were randomized to the long-axis technique and 18 students to the short-axis technique for the first experiment. A posterior wall puncture was less likely to occur when the long-axis approach was used (odds ratio, 0.15; 95% confidence interval, 0.02-0.91). It is possible that there was a crossover effect because most of the posterior wall punctures occurred in the first experiment. To eliminate this confounder, the results of the 2 experiments were analyzed separately (online supplemental Appendix, Table 1 ). When just the initial experiment was analyzed, the reduction in posterior wall punctures with the long-axis approach remained significant (odds ratio, 0; 95% confidence interval, 0.00-0.78). There was no statistical difference in rates of successful cannulation or the time to cannulation between the short-and long-axis techniques. The long-axis approach was preferred by 80% (P < .001) of the students, and 85% (P < .001) believed that the longaxis approach provided the best needle tip visualization (online supplemental Appendix, Table 2 ).
Discussion
The objective of our study was to determine which ultrasound approach, the short-axis or long-axis, had the best combination of cannulation success and complication rates. The major drawback of the short-axis approach is the inherent difficulty with visualizing the needle tip during cannulation. This factor may cause the provider to unwittingly guide the needle into vital surrounding structures. Strategies to mitigate inadvertent advancement of the needle tip into vital surrounding structures include not advancing the catheter until the needle tip is visualized, fanning the transducer, and switching to an inplane view. Studies documenting needle tip location and complication rates with the short-axis approach suggest that providers still have difficulty correctly identifying the needle tip location. Blaivas and Adhikari 12 found that 64% of emergency medicine residents accidentally punctured the posterior wall, with 20% puncturing the carotid artery while attempting ultrasound-guided internal jugular cannulation using the short-axis technique on mannequins. The confidence level for accurate needle tip location remained high despite the high rate of incorrect needle tip placement. 12 Battlori et al 13 found that mechanical complications were higher with the shortaxis approach (15%) than the long-axis approach (4%) in patients requiring an internal jugular venous catheter before surgery.
The long-axis technique has the potential to overcome those risks because it allows for excellent visualization of the needle tip, as well as the entire catheter and the target vessel, providing more precise control ( Figure  3 ). These advantages have led researchers to compare the short-axis approach against the long-axis approach for venous cannulation. However, most physicians have become experienced with the short-axis approach without being exposed to the long-axis approach. 7 This experience differential has led to a substantial bias in favor of the short-axis approach in studies comparing the shortto the long-axis approach for ultrasound-guided venous cannulation. To our knowledge, our study was the first one designed to eliminate this bias and evaluate the posterior wall puncture rates between the short-and longaxis approaches. Our results demonstrate that the posterior wall puncture rate was significantly lower when the long-axis approach was used compared to the short-axis approach. Meanwhile, cannulation success was similar between the techniques, suggesting that the long-axis approach has the potential to offer a better risk/benefit profile than the short-axis approach. Battlori et al 13 found similar results in a randomized controlled trial of preoperative patients undergoing ultrasound-guided central venous catheter placement with the short-, long-, and oblique-axis approaches. Cannulation success rates were 97% in both the short-and long-axis groups, but there were fewer posterior wall punctures with the longDavda and Schrift-Posterior Wall Punctures Between Long-and Short-Axis Techniques axis technique (0% versus 11%; P 5 .001). The investigators did not explicitly discuss experience levels of the providers; however, clear attempts were made to ensure that all providers had reasonable proficiency with each ultrasound technique. 13 Vogel et al 8 found that posterior wall punctures were less likely with the long-axis approach at the subclavian site (odds ratio, 0.3; 95% confidence interval, 0.1-0.9) during ultrasound-guided venous cannulation of a torso mannequin, although no difference was found at the internal jugular site. The participants of the study were notably more experienced with the short-axis technique than the long-axis technique, which may have masked the true benefit of the long-axis approach. 8 Unlike our study, these trials focused on central vein cannulation but still demonstrated that the long-axis approach resulted in fewer posterior wall punctures. If the long-axis approach results in better needle tip visibility, then it is plausible that any vascular access procedure, such as central venous cannulation, would have fewer posterior wall punctures. Our experiment should be seen as hypothesis generating in this regard. Meanwhile, Moon et al 14 conducted a very similar prospective trial of emergency medicine residents and attending physicians cannulating a phantom model using the short-and long-axis techniques. The posterior wall puncture rates were 31% with the short-axis approach and 37% with the long-axis approach (P 5 .80). The authors stipulated that the lack of a difference may have been due to the fact that the study participants were more experienced with the short-axis approach. 14 We agree that this experience differential likely led to their negative results because the design of our study was very similar in most other regards.
Although we found that the posterior wall puncture rate was less frequent with the long-axis approach, we did not find any difference in successful cannulation rates. In fact, both techniques resulted in very high success rates, ranging between 80% and 88%. Our results mirror prior observations that found cannulation success rates to be high and similar between the short-and longaxis approaches. 15 There are many possible explanations for the lack of a difference, considering that needle tip visibility is much better with the long-axis technique. 16 The most likely reason is that the increase in needle tip visibility is not required for procedural success in large veins because the size of the target vessel obviates the need for such precise control, although in our experience, the long-axis approach outperforms the short-axis approach in smaller, more collapsible vessels. Second, a recent randomized controlled trial found that the shortand long-axis approaches both had 97% success rates in human participants. 13 With success rates nearing 100%, it is unlikely that any true difference could be unmasked by a randomized controlled trial.
A key takeaway of our results is that after a brief lecture and hands-on training session with a phantom model, novices without any prior ultrasound-guided vascular access experience were able to learn the long-axis technique with more proficiency than the short-axis technique. This fact was also apparent to our participants, as 80% preferred the long-axis approach. A similar study found that 69% of novices preferred the long-axis approach to the short-axis approach. 15 Our results, especially in combination with prior research, suggest that the long-axis approach is quickly learned, offers improved needle tip visibility resulting in fewer posterior wall punctures, and has similar success rates as the shortaxis approach. Thus, we advocate that programs teaching vascular access educate providers on the long-axis approach alongside the short-axis approach. It is likely that the optimal technique will vary according to physician and patient factors, so learning to become skilled with both techniques seems preferable. For example, the long-axis technique may be difficult in a patient with a short neck but may be the best approach when cannulating a small vessel with a vital structure immediately behind it, such as the subclavian vein. Previous guidelines have recommended the long-axis approach over the short-axis approach for ultrasound-guided vascular access, 17, 18 whereas a more recent 2015 guideline recommended the short-axis approach over the long-axis approach. 6 Our results are more consistent with the guidelines recommending the long-axis approach over the short-axis approach. To provide better clarity, future research should focus on evaluating the differences in success and complication rates between the short-and long-axis techniques. It is important that these studies enroll providers who are equally experienced in both the short-and long-axis techniques to avoid the biases that we sought to eliminate.
Our study had some limitations worthy of mention. First, we did not perform a traditional power analysis because we could not estimate an effect size from prior publications. To our knowledge, no prior literature evaluated posterior wall puncture rates in participants with equal experience between the short-and long-axis approaches. With that said, we think that the probability of a type I error was low because of prior research that corroborated our results. Second, our study involved the use of homemade phantoms, which may not have accurately replicated a human vein. Real patients add complexity and difficulty to the procedure. They move, feel pain, evoke stress in the operator, and may have anatomic challenges that favor one ultrasound orientation over another. Thus, it is important to replicate our data in human patients before making firm conclusions.
In addition, our phantoms were made from ballistic gel instead of organic materials such as gelatin. The low echogenicity seen in these phantoms under ultrasound may have made needle tip visualization easier in comparison to other simulation models in which the needle is obscured by surrounding media. However, by using ballistic gel to produce these phantoms, we were able to extract the veins and precisely determine whether a posterior wall puncture occurred. The reusability of the ballistic gel made it an economical choice, whereas other media would soon decompose or be discarded after on session. Additionally, phantom-based simulation for vascular access is a common method of learning, and our data would be more valid in this setting. By contrast, studies involving humans use less-effective methods to determine the presence of posterior wall punctures.
Third, we used a posterior wall puncture as a surrogate for procedural complications for our primary outcome, which may not be the best surrogate for procedural complications. Nevertheless, we think it serves as an appropriate surrogate because it is reasonable to surmise that providers who are better able to visualize their needle tips and avoid posterior wall punctures are also less likely to cause complications. Fourth, the phantom models were designed to simulate a peripheral vein or a smaller central vein to assess the posterior wall puncture frequency. We chose this design because we speculated that rates of posterior wall punctures, regardless of the technique, would decrease as the vessel size increased. Thus, it is unknown whether there is a vessel diameter threshold below which the long-axis approach results in fewer posterior wall punctures. Future studies should consider incorporating vessels of smaller diameters to determine whether such a threshold exists. Fifth, we did not include lateral vital structures such as arteries and nerves in our phantom model, as our primary outcome was posterior wall punctures. Thus, we did not determine whether the short-or long-axis approach resulted in fewer mechanical complications to structures lateral to the target vessel. This factor is particularly important, as the longaxis approach may have drawbacks in identifying lateral structures during cannulation. Last, the crossover aspect of our study may have introduced a learning effect. There were fewer posterior wall punctures with the long-axis approach, but all of this benefit was limited to the first experiment. This finding suggests that the participants may have acquired skills in the first experiment that were carried over into the second experiment. To eliminate any possible crossover bias, an analysis of just the first experiment was performed, which did not alter the significance of our results.
In conclusion, a comparison of the long-to shortaxis approach for ultrasound-guided venous cannulation of a phantom model with large vessels resulted in fewer posterior wall punctures, better needle tip visibility, and a higher preference rate among novices.
